The recycling of photosynthetically fixed carbon by the action of microbial glycoside hydrolases is a key biological process. The consortium of degradative enzymes involved in this process frequently display catalytic modules appended to one or more noncatalytic carbohydrate-binding modules (CBMs). CBMs play a central role in the optimization of the catalytic activity of plant cell wall hydrolases through their binding to specific plant structural polysaccharides. Despite their pivotal role in the biodegradation of plant biomass, the mechanism by which these proteins recognize their target ligands is unclear. This report describes the structure of a xylan-binding CBM (CBM15) in complex with its ligand. This module, derived from Pseudomonas cellulosa xylanase Xyn10C, binds to both soluble xylan and xylooligosaccharides. The three-dimensional crystal structure of CBM15 bound to xylopentaose has been solved by x-ray crystallography to a resolution of 1.6 Å. The protein displays a similar ␤-jelly roll fold to that observed in many other families of binding-modules. A groove, 20 -25 Å in length, on the concave surface of one of the ␤-sheets presents two tryptophan residues, the faces of which are orientated at ϳ240°to one another. These form-stacking interactions with the n and n؉2 sugars of xylopentaose complementing the approximate 3-fold helical structure of this ligand in the binding cleft of CBM15. In four of the five observed binding subsites, the 2 and 3 hydroxyls of the bound ligand are solventexposed, providing an explanation for the capacity of this xylan-binding CBM to accommodate the highly decorated xylans found in the plant cell wall.
cal degradation. Microbial plant cell wall hydrolases are often modular proteins comprising a catalytic module linked via a highly flexible sequence to one or more carbohydrate-binding modules (CBMs; Ref. 2) . 1 CBMs bind to a range of plant structural polysaccharides that include both crystalline cellulose (3) and noncrystalline ␤-1,4-glucan (4), xylan (5), mannan (6) , ␤-1,3-glucan (7), and glucomannan (8) . Their primary function is to increase the catalytic efficiency of these enzymes against their insoluble substrates by bringing the catalytic module into prolonged and intimate contact with its substrate (2, 3) .
CBMs have been grouped into approximately 30 families based on amino acid sequence similarities (afmb.cnrs-mrs.fr/ ϳpedro/CAZY/db.html; see Ref. 9 ). The three-dimensional structure of representatives of approximately half of the CBM families have now been solved. These proteins are predominantly ␤-stranded, with the topography of their ligand-binding sites reflecting the structure of the target polysaccharide. Thus, CBMs that bind crystalline cellulose have a planar hydrophobic ligand-binding site (10) and modules that interact with single polysaccharide chains accommodate their ligands in an extended cleft (11, 12) , whereas the carbohydrate recognition region of CBMs that bind chain ends or monosaccharide subunits of a polysaccharide chain comprise a blind canyon (13) or multiple shallow pockets, respectively (14) .
Although there has been extensive structural investigation into the mechanism by which lectins and periplasmic sugarbinding proteins recognize their ligands (15, 16) , the mechanism by which CBMs bind to plant cell wall polysaccharides has remained elusive, and models for polysaccharide interaction remain highly speculative (5, 17, 18) . Furthermore, many CBMs bind to adjacent sugars in a polysaccharide chain that, in the case of hemicellulose, may be highly decorated. The mechanism by which the proteins accommodate these side chains substituents is unknown. It is also unclear whether polysaccharides adopt their normal conformation when bound to CBMs or whether these proteins cause a change in the structure of the sugar chain on binding, possibly disrupting internal hydrogen bonding and thus preventing its reassociation with the bulk of the plant cell wall.
To start to unravel the mechanism by which CBMs recognize their target ligands the crystal structure of a xylan-binding CBM (CBM15), which we demonstrate binds xylan, including decorated xylans and xylooligosaccharides, was solved in complex with xylopentaose. The three-dimensional structure reveals a ␤-jelly roll structure of two ␤-sheets displaying an extended groove that runs along the face of the protein. Within this deep-walled canyon two tryptophan residues, whose rings are orientated at 240°to one another, form hydrophobic stacking interactions with two xylopyranose units at n and nϩ2, reflecting the approximate 3-fold helical conformation of bound xylan. The location of the polysaccharide 2Ј and 3Ј hydroxyls reveals for the first time how these binding modules may accommodate both decorated and naked xylans.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Culture Conditions-The Escherichia coli strain used in this study was BL21(DE3):pLysS (Novagen) that harbored a recombinant of the expression vector pET16b (Novagen), designated pLS1, which encoded CBM15 fused to a C-terminal His 6 tag. The cells were cultured in Luria broth (400 ml in 2-liter conical flasks) supplemented with 100 g/ml ampicillin at 37°C and 200 rpm until the A 600 reached 0.6, at which point gene expression was induced by addition of isopropyl ␤-thiogalactopyranoside to a final concentration of 1 mM. The cultures were grown for a further 3-4 h before being harvested by centrifugation (4500 ϫ g) for 10 min at 4°C. The cell pellets were resuspended in 1 ⁄40 th volume 20 mM Tris/HCl, pH 8.0, containing 100 mM NaCl before being lysed by sonication and centrifuged (25,000 ϫ g) for 15 min at 4°C to produce cell-free extract.
Production of pLS1 and Protein Purification-To express CBM15, the region of the gene encoding Pseudomonas cellulosa xylanase 10C (Pc xyn10C; Ref. 19 ) that encoded this module, was amplified by PCR using the following primers, which contain NdeI and BamHI restriction sites, respectively: 5Ј-GCTCATATGGTCGCTGCCAGCGAGG-3Ј and 5Ј-CGAGGATCCTTAGGCTTCCTGTGCGAG-3Ј. The amplified DNA (nucleotides 254 -728 of xyn10C) was cloned into NdeI/BamHI-digested pET16b to generate pLS1.
CBM15 was purified from cell-free extract by immobilized metal affinity chromatography as described previously (20) using Talon TM resin (CLONTECH). The protein eluted from the matrix was dialyzed against 3 ϫ 500 volumes of 10 mM Tris/HCl buffer, pH 8.0 (buffer A), applied to a 3-ml DEAE TrisAcryl column (15 ϫ 50 mm), and the CBM eluted with a linear 0 -500 mM NaCl gradient in buffer A. The recovered protein was then applied to a High Load TM Superdex TM 75 column (16 ϫ 600 mm; Amersham Biosciences) and eluted in buffer A containing 150 mM NaCl. The columns were run at 1 ml/min using the Bio-Rad biologic system. The purity of the protein was evaluated by SDS-PAGE. Protein concentration was determined from the calculated molar extinction coefficient of CBM15 at 280 nm (18400 M Ϫ1 cm Ϫ1 ). Ligand Binding Studies-Affinity gel electrophoresis was used as a qualitative assessment of the capacity of CBM15 to bind to various polysaccharides. Affinity gel electrophoresis was performed as described previously (17) , with polysaccharides added to the polyacrylamide gels at a final concentration of 0.1%. Rye arabinoxylan (Ara:Xyl, 49:51), wheat arabinoxylan (Ara:Xyl, 41:59), and xylooligosaccharides were purchased from Megazyme International Ireland Ltd. Oat spelt xylan (Ara:Xyl, 10:90), 4-O-methyl glucuronoxylan, and hydroxyethyl cellulose were from Sigma-Aldrich. Cellohexaose was purchased from AMS Biotechnology Ltd. Acid-swollen cellulose and soluble and insoluble oat spelt xylan were prepared by standard protocols (21, 22) . Assessment of CBM15 binding to insoluble cellulose and xylan was carried out by determining the amount of bound and free protein using SDS-PAGE (23) . Isothermal titration calorimetry measurements were made at 25°C following standard procedures using a Microcal Omega titration calorimeter. The proteins were dialyzed extensively against 50 mM sodium phosphate buffer, pH 7.0, and the ligand was dissolved in the same buffer to minimize heats of dilution. During a titration experiment, the protein sample (200 -300 M) stirred at 400 rpm in a 1.3586-ml reaction cell was injected with 25 successive 10-l aliquots of ligand (6 -40 mM) at 200-s intervals. The molar concentration of binding sites on the polysaccharides was determined by altering the concentration of ligand used for the fit and then fitting the data until the number of binding sites on the protein (n) was equal to one. This method was deemed valid because: (i) accurate determination of the protein concentration was possible using the molar extinction coefficient at A 280 and (ii) the crystal structure of CBM15 in complex with xylohexaose clearly shows only a single binding site on the protein. Integrated heat effects, after correction for heats of dilution, were analyzed by nonlinear regression using a single site binding model (Microcal Origin, version 2.9). The fitted data yield the association constant (K a ) and the enthalpy of binding (⌬H). Other thermodynamic parameters were calculated using the standard thermodynamic equation: -RTlnK a ϭ ⌬G ϭ ⌬H Ϫ T⌬S X-ray Crystallography-Crystals were grown by the hanging drop vapor phase diffusion method from 0.2 M NH 4 OAc, 0.1 M sodium citrate buffer, pH 5.6, containing 10 mM xylohexaose with 30% (w/v) polyethylene glycol 4000 as the precipitant. A single crystal was transferred to a cryo-protectant solution comprised of the growth buffer supplemented with 15% (v/v) glycerol. The data to 1.63 Å resolution were collected from a single crystal at the CLRC Daresbury SRS on beam line pX 9.6 using an ADSC Quantum-4 CCD as a detector. The crystals of CBM15 belong to the monoclinic space group C2 with cell dimensions a ϭ 92.62 Å, b ϭ 60.39 Å, c ϭ 33.28 Å, and ␤ ϭ 102.61°. The data were processed and reduced using the HKL suite of programs (24) , and all further computing used the CCP4 (25) suite unless otherwise stated. In a previous study, 2 we had determined the structure of an extended xylanase catalytic module from P. cellulosa Xyn10C. This structure revealed a short three-stranded ␤-sheet corresponding to a small portion of the CBM15 structure. This sheet region was successfully used as a search model for molecular replacement using the program AMoRe (26) . ARP-wARP (27) was used to generate a starting phase set and electron density map, at 1.63 Å resolution, from which the entire CBM15 sequence could be built using the QUANTA package (Accelrys Inc. San Diego, CA). The structure was refined using maximum likelihood methods with the program REFMAC (28), 5% of the reflections having first been set aside for cross-validation analysis (29) . Water was added both automatically with ARP (30) and through manual inspection of difference Fourier maps.
RESULTS AND DISCUSSION
Ligand Specificity of CBM15-Xylanase 10C from P. cellulosa is comprised of a C-terminal xylanase GH10 catalytic module with an N-terminal carbohydrate-binding module that belongs to family 15 (CBM15; Ref 19) . Previous preliminary qualitative characterization of CBM15 demonstrated that the protein bound weakly to Avicel but not to insoluble xylan (19) . An analysis of the ligand specificity of CBM15 using affinity gel electrophoresis revealed that the module bound to oat spelt xylan, arabinoxylans from wheat and rye, methylglucuronoxylan, and ␤-glucan. CBM15 interacted only weakly with hydroxyethyl cellulose and did not associate with arabinan, galactan, galactomannan, glucomannan, debranched arabinan, or potato galactan (data not shown). The affinity of CBM15 for both insoluble xylan and acid-swollen cellulose was only slightly above that of a nonspecific control comprising bovine serum albumin (data not shown), clearly demonstrating that the previous classification of CBM15 as a cellulose-binding module (19) was incorrect.
Quantitative assessment of binding by isothermal titration calorimetry (Table I) showed that CBM15 bound to xylooligosaccharides with a degree of polymerization of 3 or greater, exhibiting maximal affinity for xylohexaose. The protein bound to oat spelt xylan with similar affinity to xylopentaose. The K a of CBM15 for the more substituted xylans (rye and wheat arabinoxylan and methylglucuronoxylan) was ϳ2-fold lower than for oat spelt xylan. At saturation the number of xylose units that constitute a single CBM binding site is broadly similar for the different xylans (9 -14 xylose moieties). These data indicate that the module can accommodate the various side chains present on the decorated xylans. The CBM also interacted with cellohexaose and ␤-glucan, but with an affinity ϳ10-fold lower than for xylohexaose. ⌬H and T⌬S values for all the CBM15-ligand interactions are negative, thus enthalpic forces drive the binding event, which are partly negated by an unfavorable entropy. The thermodynamics of CBM15 binding to xylan and xylooligosaccharides is similar to other CBMs that interact with soluble polysaccharides (4, 12, 17) but is in contrast with CBMs that associate with insoluble crystalline cellulose where favorable entropic forces dominate binding (31) .
Three-dimensional Structure of CBM15-To gain more detailed insight into the mechanism by which CBM15 recognizes xylooligosaccharides, the crystal structure of the protein in The structure of CBM15 forms a classic ␤-jelly roll, predominantly consisting of five major anti-parallel ␤-strands on the two faces (Fig. 1a) Bank code 1ciy) . CBM15 also shows high structural similarity with catalytic modules of clan GH-B glycoside hydrolases such as the family 16 -carrageenase (32) and family 12 cellulases (33). The similarity between these protein folds, which also includes CBM4 (34) and CBM6 (35) , has led some to propose that CBM4, CBM6, CBM22, and other CBMs should be grouped into a superfamily because the similarity of the overall fold and the location of an extended cleft suggest that proteins from these families are derived from a common ancestral sequence (7) .
CBM15 contains a deep cleft that runs along the concave face of the ␤-sheet, ϳ20 -25 Å long, which forms the binding site for the target ligands. The protein was crystallized in the presence of xylohexaose, and the structure reveals five well ordered xylose rings, all in the 4 C 1 chair conformation in the cleft (labeled Xyl1 to Xyl5 from the reducing to the nonreducing) (Fig. 1b) . Extremely weak electron density extends beyond O-4 of Xyl5, indicative of a sixth highly disordered xylose unit, but it could not be appropriately refined as a xylopyranoside. Xylan chains are themselves pseudo-symmetrical and fit equally well into electron density in the two opposite orientations. The correct orientation in this case was determined on two grounds: the observation of hydrogen bonds to solvent and protein from O-5 atoms (whose equivalent would be C-5 in the reverse orientation) and the behavior of the crystallographic temperature factors after refinement, which showed large discrepancies at C-5 and O-5 in the reverse orientation. Furthermore, the C-1-O-1 bond at the reducing end shows disorder, consistent with mutarotation at this position. Indeed, because the specificity of the orientation of the xylooligosaccharide appears to be determined by a single hydrogen bond from the O-5 atom of Xyl3 to the side chain amide of Gln 171 , it is possible that undecorated xylans are able to bind in the two possible directions.
Two solvent-exposed tryptophan residues, Trp 176 and Trp 181 , lie in the binding groove and make hydrophobic stacking interactions with Xyl2 and Xyl4, respectively (Fig. 2) . The indole rings of the two tryptophans lie at an angle of exactly 240°with respect to each other and are ϳ10.5 Å apart, consistent with the binding of xylan in its known 3-fold helix structure, described below. These two residues are invariant in the CBM15 family (9) , and in view of the pivotal role aromatic residues play in ligand binding in other CBM families (17, 20, 36) , these amino acids are likely to be critical to the interaction of the protein with xylose polymers.
Xylopentaose binds in an almost 3-fold helical orientation characterized by the internal hydrogen bond from O-3 n to O-5 nϩ1 . This is especially valid for the central three sugars in the main cavity in which Xyl2 and Xyl4 interact with the two tryptophans as described. The chair ring planes (defined by C-2, C-3, C-5, and O-5) of the three sugars Xyl2-4, lie at angles of 117 and 99°, respectively. Xylan thus binds in its favored 3-fold helical conformation previously determined by x-ray fiber diffraction analysis of xylan (37) . Such a conformation had previously been proposed for xylohexaose bound to CBM2b-1 from Cellulomonas fimi Xyn11A (5, 17) . In CBM2b-1, two equivalent tryptophan residues, Trp 259 and Trp 291 , were predicted to bind to xylose units in subsites n and n ϩ 2 of a 3-fold xylan helix as observed here. Again the tryptophan ring planes sit 8 -12 Å apart at an angle of ϳ280°. In both CBM15 and CBM2b-1, the minimum length of polymer that binds strongly correlates with the length of an oligosaccharide required to span these tryptophan residues, in both cases a trisaccharide. It may be relevant then that in CBM22, in which two hydrophobic stacking groups are adjacent, the minimum sugar required for binding is the disaccharide (12) .
The xylopentaose moiety bound to CBM15 makes surprisingly few direct hydrogen bonds to the protein. . Other than the direct interactions at these two subsites, all other interactions between the protein and ligand are water-mediated, whereas those at the peripheral subsites make just a few watermediated interactions through extensive solvent networks with the protein. The interactions between protein and ligand, either directly or via water, will contribute both to the favorable enthalpy and unfavorable entropy of binding. It is difficult, from the crystal structure, to explain the greater affinity of CBM15 for pentasaccharide and hexasaccharide substrates. It may be significant that the xylooligosaccharide chain is stabilized, as in xylan itself, by a series of intramolecular hydrogen bonds between the O-3 of one sugar and the O-5 of the adjacent unit. In such a way a longer oligosaccharide could contribute to binding efficiency by maintaining the ligand in its preferred conformation. Another possibility is that longer ligands must harness binding energy from all subsites, whereas shorter ligands display statistical occupancy of many suboptimal 
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binding modes with the overall effect that the apparent affinity is reduced.
One of the key unresolved issues with respect to xylanbinding CBMs is how these proteins interact with highly decorated polysaccharides; in xylans the side chains are connected to the 2Ј and 3Ј hydroxyls of the backbone xylose moieties. Inspection of the CBM15-xylohexaose complex provides the first glimpses of how these side chains are accommodated by these xylan-binding modules. A feature of the CBM15 interaction is a scarcity of direct hydrogen bonds to the protein. Indeed, it is only xylose moiety 2 that makes any direct hydrogen bonds to the protein from its exocyclic hydroxyls, and one would predict that this site alone would display an absolute requirement for an unsubstituted xylose moiety. In all other subsites the 2Ј and 3Ј hydroxyls are located such that substituents would be displaced away from the binding cleft and could be accommodated with no obvious energetic penalty and may even make additional adventitious interactions with the protein. It is apparent, therefore, that the interaction of CBM15 with relatively few xylose moieties, coupled with the orientation of the ligand in the binding cleft explains how this protein is capable of binding to the decorated xylans that are present in plant cell walls. The orientation of the hydroxyl groups of the xylose moieties toward the solvent also provides an explanation for the lack of an extensive hydrogen network between the ligand and the CBM, in contrast to most carbohydrate protein interactions that have been described previously. Such promiscuity is certainly desirable when considering the substituted nature ligand. Futhermore, the absence of any obvious steric problems is accomodating the exocyclic C-6 -O-6 substituents of glucose explain the relatively high affinity of CBM15 for other plant-derived polysaccharides such as ␤-glucan and cellohexaose.
Conclusions-This paper presents the structure of a nonlectin-like CBM bound to a plant structural polysaccharide. The data show that xylopentaose adopts a 3-fold helical structure in the binding cleft of CBM15, consistent with the known structure of xylan as had been predicted earlier for other families of xylan-binding CBMs (5, 17) . It would be premature, however, to suggest that the conformation of all xylose polymers bound to CBMs need be conserved, and it is entirely possible that xylose-derived substrates adopt different conformations when interacting with CBMs in which the orientation of the surface aromatic amino acids is different to CBM2b and CBM15. The cunning accommodation of the O-2 and O-3 hydroxyls in most of the subsites provides the first explanation for the capacity of CBM15, and by analogy other xylan-binding CBMs, to bind to highly decorated xylans.
